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Introduction 
 

NorthStar medical isotopes are planning to produce important medical radioisotope 

molybdenum-99 (Mo-99) through photonuclear reaction on molybdenum-100 (Mo-100). In this 

approach, multiple thin disks of enriched molybdenum metal will be bombarded with a 40-MeV 

electron beam. Because enriched Mo-100 is expensive, we intend to use as much beam power as 

possible to achieve maximum production yield and minimize the size of the target. This 

requirement leads to very high beam power density (heat deposition in the target), which sets 

challenging requirements for cooling. Together with scientists at Los Alamos National 

Laboratory, a team at Argonne National Laboratory has developed and demonstrated a cooling 

approach using pressurized helium, which allows for efficient heat removal.[1, 2] One of the 

challenges in this approach is the management of the heat load on the target window. The target 

window separates the high-pressure helium atmosphere inside the target from the vacuum in the 

beamline so it is constantly under stress from differential pressure. Also, the window is cooled 

only by the helium gas flow from one side, making the window design challenging. To validate 

calculation models, the team performed a series of tests at Argonne’s Low Energy Accelerator 

Facility (LEAF).[3-6] This report describes additional tests for two target designs: a full-scale 

target 29 millimeters in diameter and a scaled-down version, 12 millimeters in diameter. We 

compared the results of the window temperature measurements and cooling system parameters 

obtained in the experiments with those predicted by analytical calculations and Computation 

Flow Dynamic (CFD) simulations. Results of the experiments and calculations are presented 

below. 

 

 

Experimental Setup Description 
 

NorthStar target window thermal tests were performed at Argonne’s LEAF 55 MeV Linac on the 

“zero-degree”-line in the experimental cell. Beam energy was 30MeV for the 29mm window and 

40MeV for the 12mm window. Maximum average beam power was 20kW, limited by the 

cooling capacity of the helium-cooling system. During the time of irradiation, the team 

continuously logged all of the Linac’s parameters. The most important instruments for 

experimental data acquisition were the Basler™ Optical Transitional Radiation camera (OTR-

camera), the Flir™ Infra-Red camera (IR camera), and the Beam Current Monitors (BCM) 

(Figure 1. Helium gas flow at up to 300 psi pressure was supplied by the helium cooling system. 

A set of thermocouples was used for direct temperature measurement of helium, target disks, and 

a beam dump. 
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Figure 1. Beamline Used in Thermal Test 

1 – NorthStar target station; 2 – six-way crosses with mirrors; 3 – Enclosure with IR 

camera; 4 – BCM and BPM, 5 – Enclosure with OTR-camera. 
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Cooling System Description, Testing, and Analysis 
 

The helium-cooling system is connected to the inlet and outlet of the target. It provides helium 

gas flow at high pressure through the target disks to keep the temperature within the safe range. 

In this experiment, the helium pressure in the system varied from 160 to 285 psig.  

 

Field tests were performed and the results used to validate the thermal hydraulic computer 

analyses for both the overall helium cooling system and the target assembly. The purpose of this 

work was to provide reliable computer models that could be used in evaluating the thermal 

analysis of the beam window. Both the 29mm and 12mm window target assemblies were 

evaluated. 

 

The helium cooling system diagram is shown in Figure 2 The vessel maintains the static pressure 

in the system. A motor and blower are located inside the vessel and are used to circulate the flow 

through the closed system. An after cooler heat exchanger is located outside the vessel at the 

discharge of the blower. This removes the heat from compression and from the motor. A filter is 

located downstream of the after cooler and upstream of the target assembly to prevent particle 

blockage in the target coolant channels. There is a bypass around the target assembly for system 

recirculation when the target is not in place. The target assembly is shown below and is 

described later in detail. A heat exchanger located in the return from the target removes the heat 

generated in the target. The flow is returned to the vessel at the discharge from the heat 

exchanger. 

 

 

 

Figure 2. Helium Cooling System Diagram 
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The AFT Arrow computer model shown in Figure 3 was used for the thermal hydraulic analysis 

of the 29mm target assembly.[7] AFT Arrow is a verified/validated commercial computer code 

for analysis of compressible flow in piping systems. 

 

Pressure and temperatures in the helium reservoir vessel (PT100 and TC100) were field- 

measured during the test and their values (270psig & 31°C) input into the computer model along 

with the measured mass flow (92g/s). The tubing sizes, lengths, and fitting were modeled as 

shown. The pressure and temperature (PT101 & TC101) out of the blower were calculated by the 

code (294psig & 53°C) and are in agreement with the test results. The flow resistances (K=30) 

through the coolers were adjusted to be in agreement with field measurements. These resistances 

were found to be in agreement with typical tube and shell exchangers’ flow resistances. The heat 

removal through the after cooler (-4.3kW) was calculated considering an enthalpy balance in the 

helium flow across the cooler. This heat removal rate is also in agreement with typical heat 

exchangers. Temperature of the helium flow into the target assembly (TC102) is in agreement 

with measurement (23°C). The calculated pressure at the inlet to the target assembly (PT102) is 

not in good agreement with measurement (292psig compared to the measurement of 301psig). 

Noting that the creditable pressure value at the blower discharge (294psig) is significantly below 

the measured pressure downstream indicates that the downstream pressure value is suspect due 

to a transducer failure in the high radiation environment and, therefore, is assumed in significant 

error. The calculated pressure value (292psig) is reasonable and is assumed correct. The pressure 

differential across the target (DP101) and heat loss (-2kW) are to be compared to that calculated 

in the CFX modelling to follow. The calculated He temperature at the outlet to the target 

assembly (TC103) is in agreement with measurement (27°C). 

 

 

 

Figure 3. Computer Model and Results for the 29mm Target Assembly Cooling System 
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Lastly, the heat loss through the cooler (-2.1kW) and flow resistance (K=30) are within the 

expected performance of a tube and shell heat exchanger. The helium return temperature 

(TC104) to the vessel is also in agreement with measurement. 

 

Similar helium cooling system analysis was performed for the 12mm target assembly. The model 

and results are shown in Figure 4. Results for this analysis were similar to those of the 29mm 

target assembly. 

 

 

 

Figure 4. Computer Model and Results for the 12mm Target Assembly Cooling System 

 

 

Figure 5 shows the general overall target assembly arrangement for both the 12mm and 29 mm 

targets. The target holder contains the disks with flow channels between each disk. The holder is 

inserted into the target housing that provides the pressure boundary for the helium coolant. The 

beam window is integral with the housing and is shaped to minimize beam attenuation and still 

provide adequate containment of the pressurized helium. Helium flow is directed into the target 

holder from the cooling system and then returned to the system. 
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Figure 5. General Overall Target Assembly Arrangement 

 

 

12 mm Target Description 

 

Figure 6 shows the detailed design of the 12mm target assembly. This assembly was designed by 

LANL and previously described in [1, 2]. The holder contains 25 molybdenum disks that are 

12mm (0.47in) in diameter and 1 mm thin with 26x1 mm flow channels. The beam window is 

integrated with the Inconel housing with dimensions as shown. 

 

 

 

Figure 6. 12mm Target Design 
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29 mm Target Description 

 

Figure 7 shows the detailed design of the 29mm target assembly. The holder contains 

10 molybdenum disks, each 29mm (1.14in) in diameter but having different thicknesses with 

11 flow channels. The beam window is integral with the Inconel housing with dimensions as 

shown. 

 

 

 

Figure 7. 29mm Target Design 

 

 

Instrumentation 
 

Optical Transition Radiation (OTR) Camera 

 

In our experiment optical transitional radiation is produced by relativistic electrons when they 

cross the interface between vacuum and window material. Because most of the transition 

radiation falls in the visible range, an ordinary monochromatic camera is used to monitor beam 

size and position at the target window. A Basler™acA640-120gm GigE camera with Sony 

ICX618 CCD is used. The camera generates a black-and-white picture with resolution of 

659x494 pixels with a repetition rate up to 120 Hz. The camera trigger is synchronized with the 

beam. The camera is installed in a plastic box at a distance of 1.5 meters from the target window 

and positioned at the target face through two mirrors. The box is shielded by lead bricks for 

X-ray protection and by borated poly bricks for neutron protection.  
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The team developed the OTR-camera software controls and camera parameters in-house and 

acquired the images (Fig. 8). After the camera is installed in the box, the target is illuminated by 

the LED light. The calibration factor is set using target window transverse size as a reference. 

The beam’s image is processed according to data gathered from two areas: horizontal and 

vertical beam intensity histograms. These data are analyzed by GSL scientific numerical library 

code (www.gnu.org/software/gsl) to approximate it by the RMS algorithm for Gaussian 

envelope. The calculated beam transverse is sized at Full Width at Half Maximum (FWHM) and 

its position is transferred to an EPICS-based Linac control system. These numbers are used in the 

machine interlock to stop irradiation in case of beam abnormal size of position at the target to 

protect the target holder from damage. The periodical logging of the picture is used for image 

post-processing.  

 

 

 

Figure 8. Screenshot of saved image captured with OTR-camera with beam profile and position at 

the target. 

 

 

http://www.gnu.org/software/gsl
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Flir™ Infra-Red Camera 

 

To measure the window surface temperature, a FLIR A655sc Infra-Red thermal imaging camera 

(IR camera) with an 89mm lens was installed 2.5 meters from the Inconel window. It was 

shielded by the LED bricks and borated polyethylene sheets, and centered at the target face by 

one mirror. The measurement of surface temperatures is highly dependent on the emissivity of 

the window surface and transmission parameters of the elements in the optical path. These 

parameters were determined at Los Alamos previously by using an identical window. The 

surface emissivity estimation was 0.422 and transmission of the optical camera path was 0.372. 

These parameters were used in the FLIR ExaminIR camera control software for all thermal tests.  

 

 

IR Camera Calibration 

 

The IR-camera calibration was verified before each irradiation. The heater (Fig.10) was installed 

in the target place and the temperature measured by thermocouples and IR camera. The IR-

camera response, measured in two points to the heater temperature, is linear (Fig. 9). The 

measured temperature is periodically logged to the computer for post-experimental evaluation. 

 

 

 

Figure 9. Linearity of IR-camera measurement on two points vs heater 

temperature. 
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Figure 10. Window heater design for IR camera calibration. 

 

 

 

Figure 11. IR-camera monitoring of window temperature. 
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Beam Current Monitors 

 

Beam current monitors (BCMs) are used for continuously monitoring the beam current during 

irradiation. BCMs are based on a BERGOZ™ Fast Current Transformer FCT-CF4.5”-34.9-

UHV-1.25-LD-H with rising time no worse than 1nS. The output signal is a current to be 

measured across a 50 Ohm load. Radiation resistance of all BCM components are >106 Gy.  

 

BCMs are installed in the beamline at the exit of the acceleration portion of the machine, 

transport channel, and before the target. We used BCM measurements to control the beam pulse 

current, average current, and average beam power at the target. Average beam power is 

calculated “on-the-fly” based on beam actual current, beam energy, and repetition rate. The data 

is periodically logged into a separate file on the monitoring computer. 

 

 

 

Figure 12. 30 MeV Beam Energy Spectrum 
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29mm Target Window Experimental Data 

 

For experiments with a 29-millimeter target, the beam energy was tuned up to 30 MeV. A typical 

beam energy spectrum is shown in Figure 12. The beam pulse current was -0.86A, and beam size 

at the target window was -6.5x6.5 mm. Two full runs were performed with two different 

pressures in the helium cooling system: 200psi and 285psi. The maximum power was 10 kW 

(Figure 13); it was restricted by the temperature of the thermocouples installed at the target disks 

(Figure 14). The power of the beam was changed in steps with values 1.6, 3.2, 6.4, and 10 kW of 

the beam average power. Three stepped runs were performed for each helium pressure. 

 

 

 

Figure 13. Average Beam Power [W] History Sample from BCM Data 
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Figure 14. Thermocouples Readings at Different Beam Powers at Helium Pressure 285 psig 

 

 

The ultimate beam power was restricted by the temperature of the target. The maximum value 

could not exceed 640C. 

 

Temperature was measured by IR camera looking at the target window and thermocouples 

installed at the first six disks of the target. Due to the changes of thermal load on accelerator 

structures with rising of repetition rate, the beam energy changes slightly, which led to variation 

in the beam size at the target window. Measurements of the beam vertical and horizontal sizes 

are presented in Tables 1a and 1b. 

 

 
Table 1a. Window Temperature and Beam Size for 

Helium Pressure 200 psig 

Power [kW] 

Window 

Temperature 

 

Beam Size, FWHM [mm] 

 

X Y 

1.6 120 6.6 6.5 

3.2 210 6.4 6.6 

6.4 375 6.4 5.7 

10 540 5.2 4.0 

1.6 110 6.6 6.6 

3.2 210 6.4 6.4 

6.5 415 5.6 4.8 

10 570 No data 
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Table 1b. Window Temperature and Beam Size for 

Helium Pressure 285 psig 

Power [kW] 

Window 

Temperature 

 

Beam Size, FWHM [mm] 

 

X Y 

    

1.6 <100 6.8 6.4 

3.2 150 6.8 6.3 

6.5 300 5.5 4.5 

10 440 4.9 3.4 

1.6 <100 4.8 3.6 

3.3 160 6.8 6.1 

6.5 320 5.2 4.3 

9 420 5.8 5.0 

3.2 240 9.1 9.3 

6.5 260 10.2 9.5 

10 380 11.8 8.5 

 

 

Helium Cooling System 

 

The helium cooling system is designed to provide a cooling process for the molybdenum disks 

and target windows during irradiation. The helium pressure ranges to 285 psi, with a mass flow 

rate of up to 136 g/s. The closed gas loop goes through the heat exchanger and cooled down to 

27°C. The heat removal after cooler is presented in the Table 2. 

 

 
Table 2. Heat Removal [W] from 12mm Target 

for Different Average Beam Power 

 

Beam Power [kW] 158 psi 205 psi 285 psi 

    

5.2 2543 3388 2649 

10 4860 5560 4957 

16 7119 7564 7833 

20 N/A N/A 9234 

 

 

12mm Target Window Experimental Data 

 

The thermal test with the 12mm window was performed with beam energy of 40 MeV and an 

initial beam size of 6.0x6.1 mm. The irradiation was performed for three helium gas pressure 

values: 160psi, 205psi, and 285psi. The beam size at the target window did not change during 

the run. 
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Unfortunately, the first thermal test with this window, begun on April 25, 2019, had to be 

stopped when the temperature of the water-cooled beam dump rose above desired values. 

Irradiation was halted and a new cooling water line with greater water flow was connected to the 

beam stop. The next experiment was performed on May 2, 2019.  

 

Because thermocouples were not installed at this target, target temperature measurements were 

not available. Window temperatures were obtained from IR-camera images of the target window. 

The table of measured windows temperatures versus beam power and Helium pressure is 

presented in Table 3. Also, a plot of these temperatures is shown in Figure 15. 

 

 

 

Figure 15. Peak Window Temperature vs Beam Power for 6mm FWHM Beam 

 

 
Table 3. Target Window Temperature as a 

Function of Beam Power at Three Helium 

Pressures 

Power [kW] 

 

Window Temperature 

 

160 psig 205 psig 280 psig 

    

1.3 38 51 55 

2.7 60 66 61 

5.2 108 97 86 

7.1 133 120 103 

10.0 178 165 137 

13.2 275 200 176 

15.0 365   

16  340 230 

18  375  

19.2   315 

20   340 
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Computation Flow Dynamic (CFD)Analysis 29mm Diameter Target Assembly 
 

ANSYS CFX is used to evaluate the hydraulic performance of the 29mm diameter target 

assembly.[8] The model assumes that the flow through the target is equally distributed among 

the eleven channels and, therefore, a single channel analysis is considered sufficient.  

 

Figures 16 and 17 show the results of the analysis. The assumed boundary conditions are shown 

on the velocity vector plot along with the assumed geometry. Symmetry boundaries are used to 

simulate the entire inlet and outlet plenums. The target disk surfaces are modeled as “no slip” 

walls. Mass flow rate is determined by considering the total flow rate (92g/s) and dividing by 11. 

The outlet is held at a uniform static pressure of 270psi. Velocity results are consistent with hand 

calculations and are later used to determine the thermal convective coefficient.  

 

Figure 17 displays the pressure contour results. The indicated pressure differential from inlet to 

outlet is approximately 6psi. This is in reasonable agreement with classical correlations as shown 

there (5.82psi). However, this pressure differential is considerably lower than was field-

measured, as indicated in the earlier system analysis. This will be addressed in the conclusion. 

 

 

 

Figure 16. ANSY CFX Hydraulic Analysis of Flow Across Target Disks, Velocity Vectors 
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Figure 17. ANSY CFX Hydraulic Analysis of Flow Across Target Disks, Pressure Contour 

 

 

ANSYS CFX is used to evaluate the thermal hydraulic performance of the target assembly beam 

window. The model assumes that since the flow through the target is equally distributed among 

the eleven channels, a single channel analysis is considered sufficient. Therefore, the analysis 

considers the singular flow channel at the window. A symmetric half-model is used to simplify 

the modeling. 

 

Figures 18, 19, and 20 show the results of the analysis. The assumed boundary conditions are 

shown on the velocity vector plot along with the assumed geometry; with the exception of the 

boundary conditions, they are not noted and are defaulted to adiabatic. The symmetry boundary 

condition is used to create a simpler half-model. Because heat from the first adjacent disk is 

assumed negligible, the outer wall B.C. is modeled as adiabatic. The target window surface of 

the channel is modeled as a “no slip” wall with heat transfer. Mass flow rate is determined by 

considering the total flow rate (92g/s) and dividing by 11. From this value and the cross-sectional 

area of the channel, the average flow velocity (126m/s) is calculated and input to the model. The 

outlet is held at a uniform static pressure of 270psi. Velocity results are consistent with hand 

calculations and are later used to determine the thermal convective coefficient. 

 

The temperature contour results shown in figures 19 and 20 indicate a maximum temperature of 

629°C, which occurs at the beam center on the beam side of the window. This temperature was 

field-measured using an IR camera and recorded a temperature of approximately 500°C at the 

given beam conditions. There is a 25% difference between the measured and CFX temperatures. 

This significant difference will be addressed in the conclusions. Also, a hand calculation using 

classical correlations indicated a window temperature of 543°C at the outer window surface. This 

value is in reasonable agreement with measurement. 
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Lastly, Figure 20 shows the temperature gradient through the thickness of the window at the 

center, displaying a large gradient of 65° from outside to inside surfaces. This gradient is in 

reasonable agreement with hand calculations. 

 

 

CFX Results Compared to Field Measurements 
 

  

Figure 18. ANSY CFX Thermal Hydraulic Analysis of Window at Beam 

Parameters: 9.94kW, 6mm FWHM, 35Mev Velocity Flow Vectors 
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Figure 19. ANSY CFX Thermal Hydraulic Analysis of Window at Beam Parameters: 

9.94kW, 6mm FWHM, 35Mev Temperature Contours Surface 

 

 

 

Figure 20. ANSY CFX Thermal Hydraulic Analysis of Window at Beam 

Parameters: 9.94kW, 6mm FWHM, 35Mev Temperature Contours Section 

Through Center 
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CFD Analysis 12mm Diameter Target Assembly 
 

ANSYS CFX is used to evaluate the thermal hydraulic performance of the 12mm diameter target 

assembly.[8] Because the model assumes that the flow through the target is equally distributed 

among the 26 channels, a single channel analysis is considered sufficient. 

 

The CFX model geometry is shown in Figure 21. The curved beam window is integral with the 

Inconel housing. The helium flow channel is modeled as a rectangular slot in the housing. A 

tantalum half-symmetric disk is modeled at the back side from the beam. Dimensions are as 

indicated on the previous design drawings. 

 

 

 

Figure 21. ANSYS CFX Geometry for the 12mm Diameter Target Window 

 

 

The hydraulic results for a typical analysis case are shown in Figure 22. The assumed boundary 

conditions are shown on the velocity vector plot. The target disk surfaces are modeled as “no 

slip” walls. Mass flow rate is determined by considering the total flow rate (136g/s) and dividing 

by 26. The outlet is held at a uniform static pressure of 315psi. Velocity results are consistent 

with hand calculations and are later used to determine the thermal convective coefficient. 

 

The pressure contour results are also shown in Figure 22. The indicated pressure differential 

from inlet to outlet is approximately 15psi. This is in reasonable agreement with classical 

correlations, as shown there (18psi). However, this pressure differential is considerably lower 

than the field measurement (as indicated in the earlier system analysis. This will be addressed in 

the conclusions. 
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Figure 22. Velocity Vectors and Pressure Differential Contours for 12 mm Diameter Target Window 

 

 

The temperature contour results in Figure 23 indicate a maximum temperature of 410°C, which 

occurs at the beam center on the beam side of the window. A hand calculation using classical 

correlations indicated a window temperature of 543°C at the outer window surface. This value is 

in reasonable agreement with measurement. 

 

Figure 23 also shows the temperature gradient through the thickness of the window at the center; 

there is a large gradient of 46°C from the outside to inside surfaces. This gradient is consistent 

with hand calculations. 
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Figure 23. ANSY CFX Thermal Hydraulic Analysis of 12mm Window at Beam Parameters: 20kW, 6mm 

FWHM, 40Mev Temperature Contours at Front Beam Side and Section Through Center 

 

 

CFX Results Compared to Field Test for the 12mm Diameter Target 
 

 

Figure 24. Measured and Calculated Window Temperatures for 12 mm Target Housing 

as Function of Beam Power. Helium Gas Pressure 330 psia, Flow Rate 136 g/s. 
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Figure 25. Measured and Calculated Window Temperatures for 12 mm Target 

Housing as Function of Beam Power. Helium Gas Pressure 227 psia, Flow Rate 99 g/s. 

 

 

 

Figure 26. Measured and Calculated Window Temperatures for 12 mm Target 

Housing as Function of Beam Power. Helium Gas Pressure 176 psia, Flow Rate 79 g/s. 
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Conclusion 
 

 

Helium Cooling System 

 

Field tests and AFT Arrow computer results were in reasonable agreement. Performance of the 

blower, pressure losses through the system, heat exchanger capacities, and energy balances were 

within the expected design ranges. Note that the pressure readout from the transducer at the 

target inlet is in obvious error and is probably damaged from the high radiation environment. 

 

 

Hydraulic Analysis of Flow Across 29mm Target Disks 

 

The results from the CFX ANSYS for the pressure loss across the target disks 6psi is 

significantly different from the field measurement (19psi). It is noted that the field measurement 

is the pressure loss across the entire target assembly and not only across the disks as calculated. 

It has been assumed that the majority of the loss in the target station occurs across the disks. This 

assumption needs to be reconsidered and the discrepancy resolved. 

 

 

Thermal Hydraulic Analysis of 29mm Window 

 

The results from the CFX ANSYS for the maximum window temperature (629°C) is 

significantly different from the field-measured temperature (500°C). An IR camera was used for 

the field measurements and was calibrated at a maximum temperature of 400°C. A source of 

error to consider is that emissivity is a considerable function of temperature and thus a 

measurement at 500°C maybe in notable error. A preliminary evaluation of this error indicates 

that a maximum error due to emissivity variation is 10%. This is not large enough to account for 

the temperature discrepancies. Resolution of this error is needed. 
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Appendix 
Thermal Hydraulic “MathCad” hand calculations 
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